Initiation and progression of human caner not only depends on genetic alterations but also on epigenetic changes such as DNA methylation and histone modifications. Aberrant DNA hypermethylation in the promoter regions of genes is the most well-defined epigenetic change in tumors and is associated with inappropriate gene silencing. This feature can be utilized to search for tumor-specific DNA methylation biomarkers and to examine candidate DNA biomarkers for clinical use. DNA methylation biomarker is defined as a molecular target that undergoes DNA methylation changes in carcinogenesis. Such a biomarker is useful for early detection of cancer, predicting and/or monitoring the therapeutic response, and detection of recurrent cancer. In this review, we describe the mechanism that establishes and maintains DNA methylation patterns as well as the mechanism of aberrant gene silencing in cancer, and then we introduce methods to isolate the DNA methylation biomarkers. We also summarize the current status of clinical implementation for some of the most widely studied and well-validated DNA methylation biomarkers, including tissue factor pathway inhibitor 2 (TFPI2), septin 9 (SEPT9), glutathione S-transferase pi 1 (GSTP1), and O 6 -methylguanine-DNA methyltransferase (MGMT), and assess the clinical potential of these biomarkers for risk assessment, early diagnosis, prognosis, treatment, and the prevention of cancer. Finally we describe the possible involvement of 5-hydroxymethylcytosine in cancer; this is a recently discovered 5-methylcytosine oxidation derivative and might have a diagnostic potential in certain cancers. Abnormal DNA methylations are leading candidates for the development of specific markers for cancer diagnosis and therapy.
Introduction
DNA methylation at position five of the cytosine ring occurs on most CpG dinucleotides and has long been recognized as "the fifth base" in the mammalian genome (Fig. 1) . DNA methylation is involved in a variety of biological processes, including embryonic development, X chromosome inactivation, genomic imprinting, inactivation of transposable elements, regulation of gene expression, and maintenance of epigenetic memory (Bird 2002) . The enzymatic step involved utilizes S-adenosyl-methionine (SAM) as a methyl donor and is carried out by three DNA methyltransferases, Dnmt1, Dnmt3a, and Dnmt3b (Okano et al. 1998; Okano et al. 1999) . New DNA methylation patterns are initially established by de novo DNA methyltransferases, Dnmt3a and Dnmt3b, but the DNA methylation pattern is then maintained during DNA replication by the maintenance DNA methyltransferase Dnmt1. DNA methylation is essential for normal mammalian development, because targeted disruption of Dnmt1 or Dnmt3b results in embryonic lethality in mice, and homozygous Dnmt3a knockout mice die about 4 weeks after birth (Li et al. 1992; Okano et al. 1999) . Mutations in the DNA methylation machinery have long been linked to inherited human diseases. For example, mutations in the human DNMT3B gene cause immunodeficiency, centromeric instability, and facial anomalies (ICF) syndrome (Okano et al. 1999; Xu et al. 1999) . Aberrant DNA methylation is also linked to imprinting disorders, such as Beckwith-Wiedemann syndrome (BWS), PraderWilli syndrome (PWS) and Angelman syndrome (AS), as well as human cancers (reviewed by Robertson 2005) . The study of these diseases has provided fundamental insights that properly established and maintained DNA methylation patterns are essential for mammalian development and for the normal functioning of the adult organism.
CpG dinucleotide is under-represented in the mammalian genome; it occurs at only about one-fifth of the roughly 4% frequency that would be expected in human DNA, because approximately 70% of CpG dinucleotides are methylated on the cytosine base, and spontaneous hydrolytic deamination of 5-methylcytosine (5mC) residues gives rise to T residues (Lander et al. 2001) . In contrast, short stretches (an average of about 1 kb) of CpG rich regions, known as CpG islands (CGIs), which are found in the promoters of approximately 60% of the coding genes in the mammalian genome, are generally unmethylated in normal cells (Cooper et al. 1983; Bird et al. 1985; Gardiner-Garden et al. 1987) . However, the hypermethylation of these promoter regions is found in virtually every type of human cancer and is associated with the inappropriate transcriptional silencing of genes ( Fig. 2) (Jones and Laird 1999; Jones and Baylin 2002; Herman and Baylin 2003) . These hypermethylated genes are composed of important categories of tumor suppressor genes, including cell cycle control regulators, pro-differentiation factors, DNA repair proteins, and anti-apoptotic factors; many of these genes are known to play a role in normal development. A recent study also showed that most methylation alterations in colon cancer occur not in promoters, but in sequences up to 2 kb distant that are called 'CpG island shores' and have comparatively low GC density ). CGI shore methylation is tightly linked with the tissue of origin (Doi et al. 2009 ), but the importance of those changes is not yet understood. In addition to promoter DNA hypermethylation, global DNA hypomethylation is another major altered methylation pattern observed in cancer (Fig. 2) Esteller 2008 ). This alteration is also correlated with different stages of cancer progression and metastasis in various tumor types, and it causes chromosomal instability, gene mutation, and reactivation of various cancer-related genes (Goelz et al. 1985; Cui et al. 2002) .
The increasing recognition of the importance of epigenetic changes in cancer pathogenesis has led to a shift in the approaches that are used to identify genes affected by this process. Identification of genes that are specifically hypermethylated or hypomethylated might lead to the discovery of new factors that are important for tumor initiation and progression. Genome methylation patterns are also being developed as biomarkers for tumor types, risk assessment, early detection, monitoring of prognosis, and as indicators of susceptibility or response to therapy. Molecular alterations of the epigenome, especially DNA methylation, The process of DNA methylation is carried out by DNA methyltransferases (DNMTs). These enzymes catalyze the covalent addition of a methyl group from a donor S-adenosyl-methionine to the 5 position of the cytosine ring, predominantly within the CpG dinucleotide. This reaction can be blocked by the drug 5-azacytidine which contains a nitrogen in place of carbon at the 5 position of the cytosine ring. When this drug is incorporated into DNA, replacing the natural base cytosine, it acts as a potent inhibitor of the DNMTs, because it forms a covalent bond between 5-azacytosine ring and the enzyme.
have emerged as alternative targets of biomarker research and display potentially great clinical value. Therefore, we will focus on DNA methylation based biomarkers in this review.
Mechanisms to Establish and Maintain DNA Methylation Status
Although DNA methylation at CGIs is thought to be important for cancer initiation and progression, mechanisms that establish and maintain DNA methylation patterns during tumorigenesis or normal development remain poorly understood. In general, there are at least three possibilities for the mechanisms. First, an initial random methylation event provides a growth advantage to cells resulting in their clonal selection and proliferation (Jones and Baylin 2007) . Second, cis-acting factors such as transcription factor PU.1 ) and estrogen receptor ERα (Metivier et al. 2008) or histone methyltransferases such as G9a (Feldman et al. 2006; Tachibana et al. 2008 ) and enhancer of zeste homolog 2 (EZH2) (Viré et al. 2006) recruit DNA methyltransferases to methylation target sites. Third, loss of certain transcription factors leads to the spreading of DNA methylation into affected CGIs (Turker 2002) .
In early work using transgenic mice, two groups showed that a small number of transcription factor binding sites at a promoter region, specifically those for Sp1, are necessary to protect the adenine phosphoribosyltransferase (Aprt) gene from de novo methylation (Brandeis et al. 1994; Macleod et al. 1994) . Furthermore, Gebhard et al. (2010) examined global methylation-prone and methylation-resistant CGIs of human genome in acute leukemia cell lines as well as in normal blood monocytes and found that general transcription factor binding at CGIs correlates with resistance to de novo DNA methylation. Recently, Lienert et al.
(2011) used an elegant experimental system and proposed the concept of MDR (methylation-determining region) for the first time (Fig. 3) . They showed that promoter sequences of approximately 1 kb named MDRs are generally sufficient to precisely recapitulate DNA methylation patterns in embryonic stem (ES) cells and to replicate the changes that occur during differentiation. On the basis of truncation and mutagenesis analyses, they also demonstrated that DNA binding motifs within MDRs are critical for generating a hypomethylated state. By analogy with these findings, it is also possible to consider that the loss of MDR protective activity caused by decreased expression of transcription factors and/or mutations in transcription factor binding sites defines aberrant targets of de novo methylation in cancer. In this context, it is important to understand the mechanism of formation of the CpG island methylator phenotype (CIMP), coordinated methylation of a subset of CGIs in tumors, because many CIMP loci are known to be polycomb targets (Weisenberger et al. 2006; Widschwendter et al. 2007 ). The effort to find MDRs and their associated transcription factors is especially important in cancer research, because these factors may become excellent candidates with diagnostic and therapeutic implications in the future.
Relationship between Hypermethylated Genes and Tumorigenesis
Recent advances in epigenome analysis which allowed precise mapping of DNA methylation across normal and cancer genomes have provided evidence that almost all cancers carry hundreds of genes with abnormal hypermethylation (Baylin and Jones 2011) . Among these, some genes show age-related DNA methylation (Maegawa et al. 2010) . However, similarly to DNA mutations, a number of tumor suppressor and candidate tumor suppressor genes have been found to be hypermethylated in multiple tumor types from cancer cell lines and primary tumor samples. One of interesting features of these genes is the high frequency of targeting of genes involved in normal development. For example, these genes include cyclin-dependent kinase inhibitor 2A (CDKN2A), which regulates stem cell number and cell cycle functions (Park et al. 2003) , GATA binding protein 4 and 5 (GATA-4 and -5), which are crucial for proper epithelial differentiation (Akiyama et al. 2003 ), E-cadherin (CDH1), which controls cell-cell adhesion (Hirohashi 1998) , and death-associated protein kinase (DAPK), which functions as anti-apoptotic gene (Michie et al. 2010 ). These observations support the idea of a stem or precursor cell origin for cancer and explain the targeting of at least some genes for DNA methylation and gene silencing during tumor initiation and progression. Furthermore, like the majority of gene mutations, the roles of the hundreds of DNA hypermethylated genes other than genes functioning as tumor suppressors may be their aggregation in the same signaling pathway, thus helping derive the cancer phenotype (Wood et al. 2007 ).
General Mechanisms of Gene Silencing Associated with Promoter Methylation
There are two general mechanisms by which DNA methylation inhibits gene expression (Fig. 4) . First of all, methylation of cytosine bases can directly inhibit the association of some transcription factors with their cognate DNA recognition sequences (Watt and Molloy 1988) . The study of CCCTC-binding factor (CTCF) in genomic imprinting at the H19 (H19, imprinted maternally expressed transcript)/Igf2 (insulin-like growth factor 2) locus has presented strong evidence for involvement of this mechanism (Bell and Felsenfeld 2000; Hark et al. 2000; Holmgren et al. 2001) . CTCF, an 82 kDa protein with 11 zinc fingers, is associated with chromatin boundaries ) and can insulate a promoter from the influence of remote enhancers. At the maternal allele, the Igf2 gene is silent, because CTCF is bound between its promoter and a downstream enhancer. On the other hand, at the paternal allele, these CpG-rich binding sites are methylated, and the binding of CTCF is prevented, resulting in the loss of enhancer blocking and thereby allowing the downstream enhancer to activate Igf2 expression.
As a second example, one family of proteins that recognize methyl-CpG, known as methyl-CpG binding proteins (MBPs), can elicit the repressive potential of methylated DNA (Bird and Wolffe 1999) . MBPs fall into two families: first, the methyl-CpG binding domain (MBD) proteins, MeCP2, MBD1, MBD2, MBD3, and MBD4, which share an approximately 80 amino acid MBD and repress transcription through a transcriptional repression domain (TRD) (Hendrich and Bird 1998) , and second, the Kaisolike proteins, Kaiso, ZBTB4 (zinc finger and BTB domain containing 4), and ZBTB38, which lack the MBD, but recognize DNA sequences containing methyl-CpG sequences through a zinc-finger domain and repress transcription through a POZ/BTB domain (Prokhortchouk et al. 2001; Filion et al. 2006) . It has long been thought that all but MBD4 are associated with methylation-dependent transcriptional repression and that MBD4 plays an important role in G-T mismatch repair, because only MBD4 contains a C-terminal DNA glycosylase catalytic domain (Hendrich et al. 1999) . Surprisingly, we also found transcriptional repression activity in MBD4 as well as other MBPs (Kondo et al. 2005) . Therefore, all known MBPs can mediate silencing of gene expression through methyl-CpG sequences. MBPs directly recognize methylated DNA and recruit transcriptional corepressor molecules to silence transcription and to modify surrounding chromatin (Fig. 4) . The methyl-CpG binding protein 1 (MeCP1) complex was first described to have methyl-CpG binding activity and repress transcription (Bird and Wolffe 1999). MeCP1 con- In a normal cell, exclusion of DNA methylation from a domain (gray oval) is established and maintained in tumor suppressor genes (TSGs) by the binding of transcription factors (TFs, green and orange circles) to discrete sites within it (left panel). DNA methyltransferases (DNMTs, blue circles) are prevented from accessing the protected domain, but they can access to flanking DNA with methyl groups (red circles). In a cancer cell, loss of MDR protecting activity, for example, through loss of transcription factors and/or through mutations in transcription factor binding sites, may result in aberrant hypermethylation in cancer-related genes (right panel).
sists of the nucleosome remodeling and histone deacetylation (NuRD) corepressor complex and MBD2, and MBD3 is a component of NuRD (Feng and Zhang 2001) . MeCP2 and MBD4 associate with a corepressor complex containing the transcriptional repressor Sin3A and histone deacetylases (Nan et al. 1998; Kondo et al. 2005) . MBD1 interacts with the histone H3 lysine 9 (H3K9) methyltransferase SETDB1 (SET domain, bifurcated 1) and modifies the surrounding chromatin by histone methylation (Sarraf and Stancheva 2004) . Proteins that interact with MBPs and enhance transcriptional repression activities have also been studied (Jiang et al. 2004; Fukushige et al. 2006) . The presence of multiple MBPs with repressive properties supports the idea that these may be important mediators of the methylation signal. However, the question of whether each MBP has its own property remains to be elucidated.
Methods for Identifying Genes with Cancer-Specific DNA Methylation
A number of techniques have been used to identify genes which are specifically methylated in cancer. The gold standard and the most direct method used to search for methylated genes is bisulfite genomic sequencing, which maps 5mC residues at single-base resolution (Frommer et al. 1992 ). This method utilizes bisulfite-induced modification of genomic DNA, under conditions whereby cytosine is converted to uracil, but 5mC remains nonreactive (Fig. 5) . Although large-scale bisulfite sequencing of a human genome has been successfully initiated (Eckhardt et al. 2006) , more indirect methods have been utilized preferentially so far, because whole-genome bisulfite sequencing is a time-and resource-intensive task (Suzuki and Bird 2008) . A stretch of nucleosome is shown with methylated CpGs (red circles). Below the diagram is a transcription factor (green circle) that is unable to bind its recognition site when DNA is methylated. Above the diagram is a protein complex that can be attracted by DNA methylation, including the methyl-CpG binding protein (MBP, orange oval) and the corepressor complex (gray circles). DNA is denatured and then treated with sodium bisulfite to convert unmethylated cytosine to uracil, which is converted to thymine by PCR. Following bisulfite conversion, the DNA strands are no longer complementary, and primers are designed to assay the methylation status of a specific strand by bisulfite sequencing or methylationspecific PCR (MSP).
As alternatives, methylated DNA fragments are first purified and then coupled with a genomic microarray to map them at specific genomic loci or sequence them extensively. Two approaches have been used to purify methylated DNA fragments (Fig. 6 ). One approach is based on the sensitivity of methyl-specific restriction enzymes to CpG methylation within their cleavage recognition sites (Schumacher et al. 2006) . Another approach uses protein affinity to enrich methylated DNA sequences with either an anti-5mC antibody (methylated DNA immunoprecipitation; MeDIP) (Weber et al. 2005) or the MBD of MBPs (methyl-binding domain affinity purification; MAP) (Cross et al. 1994 ). All of these methods have proven useful for identifying hypermethylated CGIs; however, because it is difficult to know which methylated CGIs are involved in transcriptional repression, we need additional experiments to obtain this information. Therefore, in order to identify more genes silenced by DNA methylation, global changes in the gene expression profiles of cell lines have been analyzed after treatment with DNA demethylating agents such as 5-aza-2′-deoxycytidine (5-Aza-CdR; decitabine) or 5-azacytidine (5-Aza-CR; azacitidine; see Fig. 1 ) (Suzuki et al. 2002) .
Candidate genes targeted for aberrant DNA methylation in cancer cells are identified, and then a number of clinical samples are examined for DNA methylation and gene expression. Although this strategy is useful for identifying a substantial number of candidate genes, it also identifies genes whose promoters seem to be unmethylated (Soengas et al. 2001; Suzuki et al. 2002) , thus leading to the development of more specific and sensitive methods.
As described above, MBPs directly bind to hypermethylated promoters of human genes and are associated with transcriptional silencing. Therefore, if the genes governed by MBPs are specifically reactivated, it should be possible to uncover them. We developed a method termed "methylCpG targeted transcriptional activation (MeTA)" (Fig. 7) that employs a fusion gene comprised of the MBD from MBD2 and the NFκB transcriptional activation domain (TAD) (Fukushige et al. 2008) . We found that MeTA recruits p300/CREB-binding protein (CBP) in the hypermethylated promoter regions and reactivates epigenetically silenced tumor suppressor genes in human cancer cells (Fukushige et al. 2009 ). Microarray coupled with MeTA (MeTA-array) provides not only the information about methylated genes but also about transcriptional repression in a single experiment (Sato et al. 2011) . Therefore, it is more advantageous to use this technique to identify methylated genes involved in transcriptional repression than to use strategies such as MeDIP, MAP, or DNA demethylating agents coupled with microarray. In fact, we applied the MeTA-array to pancreatic cancer and successfully identified tumor-specific methylated genes (Shimizu et al. 2011 ).
Advantages of DNA Methylation Over Genetic Mutations as Biomarkers
DNA methylation biomarkers, which undergo DNA methylation changes in carcinogenesis, provide a range of opportunities for early detection, diagnosis, prognosis, therapeutic stratification and post-therapeutic monitoring of cancer. DNA methylation biomarkers can offer several advantages over genetic and serum markers (Laird 2003; Miyamoto and Ushijima 2005; Schuebel et al. 2007 ). First, the incidences of aberrant DNA methylation of specific CGIs are higher than those of genetic defects. For example, Sjöblom et al. (2006) sequenced 13,023 genes in colorectal and breast cancer, and estimated an average of only 14 significant mutations per tumor, suggesting that a relatively small number of genetic events may be sufficient to drive tumorigenesis. On the other hand, by screening cell lines and validating tumor-specific hypermethylation in a panel of primary human colorectal cancer samples, Schuebel et al. (2007) estimated that nearly 5% or more of all known genes may be promoter methylated in an individual colorectal cancer. Second, the aberrant DNA methylation seen in cancer cells can be sensitively detected, even when it is embedded in substantial amounts of contaminating normal DNA. Third, detection of aberrant DNA methylation is technically simple; it can be detected using methylationspecific PCR (MSP). DNA hypermethylation only occurs at rather small promoter regions called CGIs, whereas genetic mutations occur throughout the length of the gene. Fourth, aberrant DNA methylation seems to occur in earlystage tumors, causing loss-and/or gain-of-function of key processes and signaling properties. Therefore, detection of aberrant DNA methylation is potentially a good early indicator of existing cancer and even of risk assessment for the future development of cancer. Although, as described above, DNA methylation biomarkers have several advantages over genetic markers it has been clearly shown that a combination of both types could exploit the advantages of both techniques. For example, one combination of both techniques in a stool DNA test allows the detection of curable stage colorectal cancer and large adenomas with high levels of accuracy (Ahlquist et al. 2012) .
DNA Methylation as a Biomarker
DNA methylation has great potential to be used as a nucleic acid-based biomarker for assessing cancer risk, early detection, prognosis, and predicting therapeutic responses (Table 1) (Baylin and Jones 2011; Heyn and Esteller 2012; Fukushige and Horii in press ). The number of potential DNA methylation marker genes and knowledge of their roles in cancer are rapidly increasing owing to the development of recent genome-wide techniques for their identification and subsequent functional analyses (Carmona and Esteller 2011; Heyn and Esteller 2012) . In addition, the development of more sensitive methods, including nanotechnology assays, facilitates methylation detection in patient samples (Bailey et al. 2009; Li et al. 2009 ). One of the most important criteria for clinically useful biomarkers Tumor, Urine is whether they are applicable to surrogate tissues such as blood or other body fluids that can be obtained through minimally invasive procedures. The sensitive and specific detection of tumor-specific DNA methylation patterns at distal sites makes DNA methylation a biomarker of choice for early detection of cancer and the clinical management of cancer patients. In this context, DNA methylation of tissue factor pathway inhibitor 2 (TFPI2) in the stool is a highly sensitive and specific marker and a useful adjunct to the noninvasive strategies for screening of colorectal cancers (Glöckner et al. 2009 ). TFPI2 methylation was detected in stool DNA from stage I to III colorectal cancer patients with a sensitivity of 76% to 89% and a specificity of 79% to 93%. In addition, a sieving strategy for successful identification and ranking of blood-based DNA methylation biomarker candidates has been developed for colorectal cancer (Lofton-Day et al. 2008) . In particular, hypermethylation of septin 9 (SEPT9) is reported to detect colorectal cancer in blood-based samples from patients with a sensitivity of 90% and a specificity of 88% (Warren et al. 2011) .
Glutathione S-transferase pi 1 (GSTP1) is involved in cellular detoxification of xenobiotics and carcinogens; it was first identified as a hypermethylated gene in prostate cancer in 1994 (Lee et al. 1994) . DNA methylation of GSTP1 has been consistently validated in more than 30 independent, peer-reviewed studies, and the meta-analysis pooling these almost 3,500 subjects has established GSTP1 as a promising biomarker of prostate cancer with a sensitivity of 82% and a specificity of 95% (Van Neste et al. 2012) . GSTP1 hypermethylation in tumor biopsy and urine samples has been extensively analyzed and provides value as an alternative to conventional methods of prostate cancer detection (Cairns et al. 2001; Hoque et al. 2005; Rosenbaum et al. 2005) . In particular, the combination of GSTP1 with the serum-based biomarker, prostate-specific antigen (PSA) or additional DNA methylation biomarkers such as adenomatous polyposis coli (APC) and endothelin receptor type B (EDNRB) should improve the sensitivity of diagnosis (Sunami et al. 2009; Rogers et al. 2006) . Mapping the patterns of DNA methylation has also recently been proposed to help in the identification of cancers of unknown primary site (Fernandez et al. 2012) . DNA methylation can be used as a molecular prognosis biomarker of potentially curable, stage I non-small-cell lung cancer (NSCLC) (Brock et al. 2008) . Methylation of the promoter region of four genes, p16 (CDKN2A), H-cadherin (CDH13), Ras association domain family 1A (RASSF1A), and APC, in primary tumor and mediastinal lymph node biopsy samples strongly correlates with early recurrence and short survival (Brock et al. 2008) . The current method for risk assessment of recurrence in patients with stage I NSCLC is imprecise; one third of such tumors recur after curative surgery. The validation of these findings may allow re-staging of NSCLC at the molecular level and may thus identify high risk patients who require special adjuvant therapies.
DNA methylation biomarkers can also predict responses to chemotherapy; the best example is promoter hypermethylation at O 6 -methylguanine-DNA methyltransferase (MGMT), a DNA repair enzyme, in glioma. MGMT hypermethylation was detected in 40% of glioma and colorectal cancer in a study of more than 500 primary human tumors (Esteller et al. 1999) . MGMT protects cells against mutations by removing alkyl groups from guanine bases, which are introduced by alkylating agents such as nitrosamides. Therefore, the promoter hypermethylation status of MGMT is associated with glioma sensitivity to alkylating agents such as carmustine and temozolomide and to radiotherapy in patients (Esteller et al. 2000; Hegi et al. 2005) . A better response to treatment with alkylating agents in part depends on unrepaired alkylated guanine residues initiating cycles of futile mismatch repair (MMR), which can lead to cell death (Kaina et al. 2007 ). Therefore, treatment of MGMT-deficient glioma with alkylating therapy introduces a strong selective pressure for losing MMR function (Casorelli et al. 2008) . In fact, recent literature has shown that the MMR genes are mutated with characteristic CG to AT transitions at non-CpG sites resulting from unrepaired alkylated guanine residues. In spite of its usefulness, we always have to bear in mind that there is the possibility that patients who initially respond to the alkylating therapy may evolve not only into treatment resistance, but also into a MMR defective hypermutator phenotype (TCGA Research Network 2008).
5-Hydroxymethylcytosine and its Potential as a Biomarker
Ten-eleven translocation (TET) proteins have recently been demonstrated to have the capacity to convert 5mC to 5-hydroxymethylcytosine (5hmC), known as the sixth base, raising the possibility that 5mC distribution can be dynamically regulated by the TET family of DNA hydroxylases (Tahiliani et al. 2009; Ito et al. 2010) . Furthermore, the presence of novel 5mC oxidation derivatives such as 5hmC, 5-formylcytosine (5fC) and 5-carboxycytosine (5caC) in genomic DNA may provide an additional layer of epigenetic information or represent intermediates in the process of DNA demethylation (Fig. 8) ). As Nestor et al. (2010) clearly demonstrated, it is important to notice that 5mC and 5hmC are experimentally indistinguishable by established 5mC mapping techniques using methyl-sensitive enzymes and the gold-standard bisulfite sequencing. Therefore, it is necessary to re-evaluate existing 5mC datasets carefully in the context of the possible presence of 5hmC. Recently, an oxidative bisulfite sequencing (oxBSSeq) method has been developed for quantitative mapping of 5hmC in genomic DNA at single nucleotide resolution (Booth et al. 2012) . High levels of 5hmC were detected in nearly all mouse embryonic tissues, but were restricted to brain and bone marrow in adult human and mouse tissues (Globisch et al. 2010; Ruzov et al. 2011 ). In addition, high levels of 5hmC are not only present in human and mouse embryonic stem (ES) cells and lost during differentiation, but they also reappear during the generation of induced pluripotent stem (iPS) cells, suggesting a biological role in pluripotency for this epigenetic marker (Ruzov et al. 2011) . Although information about 5hmC in cancer is still limited, frequent TET2 mutations have been reported to be associated with decreased 5hmC levels in various myeloid leukemias (Delhommeau et al. 2009; Langemeijer et al. 2009 ). Furthermore, Lian et al. (2012) recently reported that "loss of 5hmC" is an epigenetic hallmark of melanoma and that genome-wide mapping of 5hmC reveals loss of the 5hmC landscape in the melanoma epigenome. The TET family is directly responsible for the generation of 5hmC, and the catalytic reaction requires cofactor α-ketoglutarate (α-KG) (Tahiliani et al. 2009; Ito et al. 2010) , which is mainly controlled by isocitrate dehydrogenases (IDHs) (Xu et al. 2011) . Frequent mutations of IDH1 or IDH2 are also found in glioma, myeloid leukemia, and melanomas (Dang et al. 2010; Krell et al. 2011; Shibata et al. 2011) . These studies suggest the important role of 5hmC, TET, and IDH in cancer; however, it is still uncertain how this epigenetic mark and these related enzymes are associated with cancer initiation and progression and whether they are suitable for use as biomarkers.
Conclusion
Although DNA methylation have rich potential as biomarkers in clinical applications and although an increasing number of promising candidates have been identified in research laboratories throughout the world, their use in clinics is still very limited. This is due in part to the fact that they are insufficiently sensitive and specific for a diagnostic test, perhaps because of our yet insufficient knowledge of disease genomes and DNA methylomes. Therefore, we have to determine which profiles predict disease outcome in terms of patient prognosis and treatment response by combining and integrating enormous data sets obtained from various approaches, including genomics, transcriptomics, and epigenomics. These efforts will produce a group of effective, cancer specific biomarkers that will more accurately diagnose and predict disease prognosis. Probably, some combination of the various biomarkers, including genetic, epigenetic, and serum ones, will facilitate more reliable diagnoses, and DNA methylation biomarkers will be central to this development.
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